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The tidally dominated Damariscotta River estuary is located on the south-central 
Maine coast. The elongate, north-south orientation of the estuary is characteristic of the 
indented shoreline in this region and a consequence of the bedrock structural framework, 
comprised of Paleozoic high-grade metasedimentary rocks. Pegmatite sills form bedrock 
constriction points that divide the estuary into seven distinct basins.  The narrow, bending 
geometry and sill and basin morphology impact the distribution of sediment within the 
estuary and the hydrodynamics of the system. This study employs multibeam bathymetry 
surveys, sediment grab samples and radionuclide analysis (210Pb and 137Cs) of sediment 
cores to evaluate the impact of the bedrock framework on sediment accumulation patterns 
in the estuary. Sedimentation rates in the estuary are lower than those of other estuaries in 
the region, indicative of a sediment-starved system. As a result of extensive reworking of 
sediment within the estuary, the inner estuary is sediment choked and the volume and 
distribution of sediment control the hydrodynamics in this region. Current lineations 
mark a transition from the inner to middle and outer estuary, where the volume of 
sediment is reduced and constriction points formed by bedrock sills dominate the 
morphology of the system.  
The role of the bedrock framework in the morphology of the system is not unique 
to the Damariscotta River but also applies to other estuaries in the region. Despite its 
absence from many published conceptual models, bedrock framework is critical to 
development of estuaries in rocky, formerly glaciated regions. Furthermore its role in the 
distribution of sediment, as well as pollutants and contaminants, is significant in the 
context of global climate change, continued shoreline development in the region and 
expansion of Maine’s aquaculture industry.  
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CHAPTER 1 
INTRODUCTION 
Estuaries are ubiquitous coastal environments that link fresh and marine water 
systems. Recognized as effective sediment traps (Dalrymple et al., 1992), estuaries also 
are biologically productive coastal regions (Roman et al., 2000) that can be ideal 
environments for aquaculture industries. Many economically important ports and cities 
are located in and around estuaries. With climate change and associated sea-level rise, as 
well as increasing human population and coastal development (Roman et al., 2000), 
estuaries face increasing pressure from multiple sources. Increasing coastal populations 
contribute to shoreline development and nutrient loading associated with wastewater, 
fertilizers and runoff. These affect the stability and water quality of estuarine systems, 
and the effects of climate change compound the impact of coastal development. Rising 
sea level and increased storm events pose greater threats to the population in areas that 
are densely populated and of economic importance.  
The rockbound coast of Maine is home to a number of estuaries that vary greatly 
in terms of development. This study is focused on the Damariscotta River estuary (Figure 
1.1), which supports a year-round local population and a tourism industry in the summer 
months, as well as 70% the state’s oyster aquaculture industry. It is an elongate, bending 
estuary with multiple bedrock sills that divide the embayment into several discrete basins. 
The Damariscotta River estuary provides an excellent opportunity to study Maine 
estuaries in the context of the Holocene sea-level transgression and modern sea-level rise, 
as well as the chance to consider geomorphology and substrates as constraints on the 
modern shellfish aquaculture industry in Maine.   
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1.1 Damariscotta River  
The Damariscotta River is a tidally dominated estuary on the coast of Maine. 
With minimal freshwater input from upstream Damariscotta Lake, the system is a river 
only by name and more properly termed an estuary. The north-south orientation of the 
estuary is characteristic of the indented shoreline in this region of the coast and is a 
consequence of the bedrock structural framework that comprises high-grade 
metasedimentary rocks of Paleozoic ages (Figure 1.1, Kelley, 1987; Belknap et al., 1987). 
The Damariscotta River presents an opportunity to study the evolution of estuarine 
systems in this region in the context of late Quaternary and Holocene sea-level changes. 
Located between the inland marine limit, associated with high-stand sea level and the 
retreat of the Laurentide ice sheet, and the low-stand sea level, associated with isostatic 
rebound of the continental crust, this system was extensively reworked in subaerial and 
subaqueous environments associated with sea-level fluctuations in the late Pleistocene 
and Holocene (Belknap et al., 1987, 1994; Shipp, 1989).  
With little freshwater input (1-3 m3/s) into the estuarine system (McAlice, 1974), 
the Damariscotta River receives little new sediment from upstream sources; thus modern 
sedimentation relies on the reworking of material within the system or perhaps the import 
of new material from offshore sources. The tidal range of the system is 3.1 m in the outer 
river and 3.3 m in the upper river (McAlice, 1977). The magnitude of the tidal prism, 5.6 
x 106 m3 (McAlice, 1977), relative to the comparatively low freshwater input indicates 
the role of tidal processes in the reworking of sediment within the system. Tidal 
reworking, particularly evident in modern ravinement unconformities (Belknap et al., 
1994), continues to erode sediment from the thalweg of the estuary, but where that 
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sediment is re-deposited is not known. It may be exported from the estuarine system by 
tidal currents and deposited offshore or transported farther upstream and deposited on 
tidal flats and salt marshes (Belknap et al., 1986).  
  
Figure 1.1: Compartmentalization of the Maine coast. The Damariscotta River is located 
in the south central (SC) compartment and delineated by a red rectangle (after Kelley, 
1987). 
 
1.2 Estuaries 
Estuaries are areas of transition; from fresh to ocean water composition, from 
fluvial to marine processes, from terrestrial and freshwater to marine biota. The range of 
transitions found within these environments is broad and can be examined from 
biological, chemical, physical and geological perspectives. Regarded as transgressive 
valleys that have been flooded by the ocean, most estuaries exist in river mouths that are 
low in sediment and therefore without active deltas (Dalrymple et al., 1992, Belknap et 
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al., 1986, 1994). Pritchard (1967), however, defined estuaries based only on salinity, as 
the region in which the salinity of the water is greater than 0‰ and less than 30-35‰. 
Such a definition, based purely on salinity, is broad in scope and encompasses 
environments such as lagoons and delta distributaries, which are considered by some to 
be distinct from estuaries (Dalrymple et al., 1992). In an effort to limit the scope of 
estuarine definitions, Dalrymple et al. (1992) incorporated geologic setting and 
hydrodynamic processes into a new definition. Farther from the mouth of an estuary, the 
effect of marine processes (e.g. tides and waves) is reduced whereas the effect of fluvial 
processes increases (Figure 1.2). This depiction illustrates relative energetics within an 
estuary and must be scaled appropriately to relate to individual systems.    
 
 
Figure 1.2: The relative energy distribution in an idealized estuary. A) Estuary schematic 
and B) relative energy levels of energy in the estuary. The estuary gradually transitions 
from a marine-dominated to fluvial-dominated environment from Dalrymple et al. 
(1992). 
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Estuaries are regarded as sediment sinks because of their balanced fluvial and 
marine processes. Rivers with stronger fluvial velocities and higher sediment loads can 
overwhelm marine processes and construct a delta (e.g., the Mississippi River). On the 
other hand, those with insufficient fluvial discharge and sediment loads and/or relatively 
large embayments with great accommodation space, terminate in estuaries. The physical 
marine processes affecting estuaries are waves and tides, and these forces play a critical 
role in the geomorphologic development of estuaries (Dalrymple et al., 1992). Dalrymple 
et al. (1992) consider wave-dominated and tide-dominated estuaries idealized end-
members, while virtually all estuarine systems experience a degree of both. The role of 
the antecedent bedrock topography and framework is not considered in their discussion. 
Other factors influencing estuaries, including evaporation versus precipitation and runoff, 
wind, and biological and ecological systems that relate to latitude and other climatic 
variables, are not considered here.  
Roman et al. (2000) specifically describe different habitats found in estuaries in 
the northeastern United States, distinguishing them from habitats in the Coastal Plain and 
identifying the bedrock framework as the primary “signature” (control) of northeastern 
estuarine shoreline configuration and therefore estuarine geometry. Roman et al. (2000) 
consider estuaries from a much more biological perspective than Dalrymple et al. (1992); 
however, beyond acknowledging the overarching control of bedrock geometry, they do 
not expand on the role of bedrock in estuarine development or energetics. Habitats 
identified in northeastern estuaries include tidal marshes, seagrass beds, intertidal 
mudflats and rocky shorelines (Roman et al., 2000). These habitats are critical to different 
organisms and ecosystems found within this region and have changed in recent history in 
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association with land-use changes and the anthropogenic nutrient contributions (Roman 
et al., 2000).  Modern estuaries continue to change with local, regional and global 
anthropogenic influences, from increased residential development and population growth 
as well as changing climate (Roman et al., 2000).  
 
1.3 Present Study 
 This study utilizes multi-beam echosounder (MBES) bathymetry to generate high-
resolution bathymetric and bottom backscatter intensity maps of the estuary, from near 
the head of the estuary (the Newcastle-Damariscotta Bridge) to navigation aid buoy “10” 
at the Fort Island Narrows. The Fort Island Narrows mark the outer extent of estuarine 
salinities (McAlice, 1977). Building on the well-understood stratigraphy and evolution of 
the estuarine system, I assess spatial and temporal patterns in sediment accumulation and 
distribution within the estuary, using sediment cores in conjunction with multi-beam 
bathymetry data and bottom grab samples. Of particular interest are sediment 
accumulation rates in the upper and middle estuary, as variations in such rates may relate 
to anthropogenic and other disturbances to the estuarine system. Such disturbances may 
include land-use changes associate with colonization, economic development and 
environmental alteration (Brush et al., 1982; Cooper and Brush, 1991; Cronon, 1983; 
Köster et al., 1997; Lu and Matsumoto, 2005; Meade, 1982; Wolman, 1967). It is also 
possible that the recent introduction of aquaculture into the estuary, particularly of 
bottom-seeded growing techniques, which utilize trawling to harvest oysters, may have 
some effect on sedimentation in the estuary.  
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 As a tidally dominated estuary, it is not known whether the Damariscotta estuary 
primarily reworks material from the outer and middle zones of the estuary to be deposited 
in the upper zone or if sediment is gradually stripped from the system and exported 
offshore at the mouth of the estuary. In addition to considering sediment accumulation 
rates in the context of disturbances to the estuarine system, the present study seeks to 
identify whether the system is a net source or sink of sediment in the south-central region 
of the Maine coast. The extent of upstream reworking of sediment is controlled by 
accommodation space in shallow waters. The lack of sediment in the outer estuary 
(Shipp, 1989; Belknap et al., 1994) suggests that sediment may be simultaneously 
reworked upstream and exported from the outer and middle zones of the estuary, and 
reducing the volume of sediment in the middle zone of the estuary (Figure 2.5).   
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CHAPTER 2 
BACKGROUND 
2.1 Geologic Settling 
Although popularly considered a “rockbound coast”, only 20% of more than 
1,200 km of nearby Casco Bay shoreline were mapped as exposed bedrock on the 
shoreline. Still, bedrock remains the skeleton of the coast. The shoreline of Maine is 
classified into four distinct compartments based on the antecedent bedrock geology 
(Kelley, 1987), with the Damariscotta River located in the south-central compartment. 
The rockbound coast is comprised of metamorphosed and deformed Paleozoic 
sedimentary and volcanic rock (Osberg et al., 1985). The south-central compartment of 
the coast is composed of high-grade amphibolite metasedimentary rocks of Cambrian to 
Ordovician age (Osberg et al., 1985). The northeasterly strike creates the elongate, 
north/northeast-south/southwest oriented peninsulas and estuaries that characterize this 
compartment (Kelley, 1987). Bedrock constrictions throughout the river valleys serve as 
ledges or sills that punctuate estuaries into distinct basins (Shipp, 1989). Bedrock-
controlled waterfalls separate the freshwater from the estuarine systems of some Maine 
estuaries (e.g., Saco River, Damariscotta River, Machias River), and reversing falls or 
rapids commonly occur at other rock sills (e.g., Sheepscot River). The narrow geometry 
of the Damariscotta Estuary restricts wave energy to the mouth of the estuary and results 
in well-protected, tidally dominated system, characterized by tidal flats and, to a much 
lesser degree, salt marshes (Kelley, 1987).  
Estuarine sediments in this coastal compartment are generally underlain by the 
glaciomarine Presumpscot Formation and comprised of muddy tidal flats with fringing 
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salt marshes in the inner estuary (Kelley, 1987). The outer estuary is typically sediment-
depleted as a result of tidal ravinement and some reworking by waves (Dalrymple et al., 
1992; Belknap et al., 1994). 
 
2.2 Deglaciation and Sea Level History  
At the last glacial maximum, the late-Pleistocene Laurentide ice sheet overrode 
New England, the Canadian Maritime provinces and extended seaward across the Gulf of 
Maine to George’s and Brown’s Banks (Schnitker et al., 2001). Ice retreated in contact 
with the ocean in the Gulf of Maine and in a sequential progression across a series of 
basins and troughs in the Gulf of Maine (Schnitker et al., 2001). Retreat continued inland 
and Gulf waters inundated the isostatically depressed mainland, reaching an inner marine 
limit of ~70-129 m above present sea level (Dorion et al., 2001; Borns et al., 2004) 
approximately 16 ka (Figure 2.1; Belknap et al., 1987; Barnhardt et al., 1997; Kelley et 
al., 2010, 2013). Submergence of the coastal zone coincided with the deposition of the 
glaciomarine Presumpscot Fm. over large parts of the coastal zone (Bloom, 1963; Stuiver 
and Borns, 1975; Thompson and Borns, 1985; Belknap et al., 1987; Barnhardt et al., 
1997). Subsequent isostatic rebound resulted in rapid sea-level fall to a low stand of ~60 
m below present by 12.5 ka in southwestern Maine (Kelley et al., 2013) during which 
period the Presumpscot Fm. was subaerially exposed and eroded (Bloom, 1963; Stuiver 
and Borns, 1975; Belknap et al., 1987; Barnhardt et al., 1997). A second, initially rapid 
transgression followed, as sea level rose to 25 m below present at 11.5 ka, at which point 
the rate of sea-level rise slowed to less than 5 m from 11.5-7.5 ka (Kelley et al., 2010, 
2013). This period was characterized by the reworking of coastal and littoral sediments 
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(Thompson et al., 2011) and is marked in the stratigraphic record as a basal unconformity 
(Belknap and Shipp, 1991; Barnhardt et al., 1997, Belknap et al., 1994).  
 
Figure 2.1:  Maine’s inner marine limit. The inland marine limit is delineated by thick 
black line with the location of Damariscotta River in red rectangle (after Belknap et al., 
1987 and Thompson and Borns, 1985). 
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Figure 2.2: Maine’s local relative sea-level curve. The solid line represents mean high 
water (from Kelley et al., 2010). 
  
 Located between the inner marine limit and the low-stand shoreline (Figure 2.1), 
the bedrock in the Damariscotta River valley was blanketed by the Presumpscot Fm. 
during glacial retreat (Shipp, 1989; Belknap et al., 1994). Till and washboard moraine 
deposits are extensive in the vicinity of the river and comprise bluffs along the modern 
shoreline (Thompson and Borns, 1985; Shipp, 1989). The ice sheet margin retreated to 
the Damariscotta River by 12.5 ka (Belknap and Shipp, 1986). As sea level fell from the 
high to low-stand limit, bedrock sills within the Damariscotta River valley sequentially 
isolated basins from the marine environment, creating lacustrine environments (Belknap 
and Shipp, 1986). Following the low-stand at 12.5 ka, rising sea level gradually 
overtopped the sills and the basins were reincorporated into the estuarine system (Figure 
2.3; Shipp 1989; Belknap et al., 1994).  
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Figure 2.3: Schematic cross-section of the Damariscotta River. The cross-section 
illustrates discrete basins and dates correspond to approximately when bedrock sills were 
overtopped by rising sea level (after Shipp, 1989 and Belknap et al., 1994).  
 
2.3 Estuarine Stratigraphy 
Extensive seismic reflection profiles and many sediment vibracores have revealed 
the distinct estuarine zones and reconstruct sediment accumulation and transport trends 
within in the estuary (Figure 2.4; Shipp, 1989; Belknap et al., 1994). The innermost zone 
is dominated by the draped Presumpscot Fm., overlain by a basal unconformity 
associated with subaerial and littoral erosion at low-stand sea level that created a 
depression in the glaciomarine facies directly above the bedrock valley (Belknap et al., 
1994). The inner estuary was isolated from the marine environment for the greatest 
period of time between the sea-level fall and second transgression; thus the formation of 
lakes in the innermost basins is likely (Belknap and Shipp, 1986). Damariscotta Lake, 
located just upstream from Great Salt Bay in the valley, remains isolated today at ~15 m 
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above present sea level and separated from the estuary by a waterfall. A washed-out 
seismic reflection signal in the upper estuary is interpreted as natural gas and, in the inner 
estuary, may result from the decay of organic material in estuarine sediments, or possibly 
transgressed lacustrine environments (Shipp, 1989; Hannum, 1997)). Glaciomarine facies 
are unconformably overlain by Holocene estuarine sediments, which contain extensive 
Mya arenaria and Crossostria virginica shells (Belknap et al., 1994).  
The middle estuary profile, associated with the more eroded estuarine zone, 
exhibits the same sequence found in the inner estuary, albeit further eroded (Figure 2.4). 
The glaciomarine facies are thinner, as is expected due to the longer time of reworking of 
sediments during the second sea-level transgression. Estuarine mud overlies the 
glaciomarine facies, with both Mya arenaria and Crassostrea virginica recovered in 
Holocene units of sediment cores (Belknap et al., 1994). Further erosion of the estuarine 
sediment is apparent particularly by a depression in middle of the cross section (Figure 
2.4, middle cross section). This represents a ravinement unconformity, created by modern 
tidal processes and erosion.  
Finally, the outermost zone of the estuary, known only through seismic profiles, is 
nearly stripped of sediments, with discrete packets of glaciomarine and estuarine 
sediments preserved only in isolated bedrock depressions (Belknap et al. 1994). Erosion 
associated with both the basal low-stand and modern ravinement unconformities is 
responsible for the lack of sediment in this zone, as sediment is either exported from 
estuarine system or recycled northward through the system.  
While the stratigraphy throughout the estuarine system is similar, the degree of 
preservation is directly related to distribution of energy within the estuary through space 
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and time. The extent to which glaciomarine facies are preserved is related to the 
energetics associated with subaerial and littoral processes as sea level fell from high to 
low stand levels as well as erosion and reworking of sediments during the second sea-
level transgression. Preservation of estuarine sediments is related, in part, to shifting 
energetics of the second sea-level transgression and, more importantly, to modern 
erosional processes that generally erode sediments in the outer estuary, some of which 
may be deposited in the upper estuarine zone.  
 
Figure 2.4: Cross sections of the Damariscotta River. Cross sections generated from 
seismic reflection profiles and sediment cores in the Damariscotta River representing the 
inner, middle and outer estuary. RU: ravinement unconformity; BU: basal unconformity; 
NC: nonconformity. Map of the estuary gives the location to which each cross section 
applies (from Belknap et al., 1994; after Shipp, 1989). 
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2.4 An Estuarine Model  
An idealized estuarine model presented by Belknap et al., (1986) and Kelley 
(1987) is representative of the Damariscotta River (Figure 2.5). The estuary can be 
considered in three, generalized but distinct zones with varying energies and 
sedimentation trends. The innermost zone is stable and characterized by tidal flats, 
marshes and relatively rapid accumulation of sediment. Sediment sources consist 
primarily of reworked Holocene and Pleistocene deposits from within the estuary as well 
as erosion of bluffs that border middle zone (Belknap et al., 1986). With fewer marshes 
and more tidal and subtidal flats than the inner estuary, sediment accumulation in the 
middle zone is more episodic (Belknap et al., 1986; Kelley, 1987). This zone is generally 
more eroded than the inner zone as a result of sediment recycling in the transgressive 
environment (Belknap et al., 1986; Kelley, 1987). The outer zone is most exposed to the 
Gulf of Maine and as such, experiences the greatest wave influence. Wave and tidal 
energy, associated with the modern ravinement unconformity, has largely stripped the 
outer zone of sediment, and Pleistocene and Holocene sediments are only preserved 
below wave base (Belknap et al., 1986; 1994).  
 While this model applies in a longitudinal sense to the estuarine system, it also 
applies to the many coves and protected areas along the Damariscotta River. As the head 
of the estuary is a well-protected, low-energy zone of sediment accumulation, so too are 
innermost points in smaller protected coves in the middle and outer estuary, such as 
Lowes and Pleasant Coves (Shipp, 1989).  
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Figure 2.5: Schematic of idealized Indented Shoreline estuary. Schematic depicts the 
landward zone of sediment accumulation, the middle erosive zone and the seaward zone 
stripped of sedimentary material (from Belknap et al., 1986). 
  
McAlice (1977) established the baseline hydrographic conditions for the 
Damariscotta River system to serve as a reference point for future studies. The river, 29 
km in length, has limited freshwater input from Damariscotta Lake at the head of the 
estuary (spring maximum of 2.83 m3/s, McAlice, 1977). The narrow geometry of the 
system restricts the influence of waves, resulting in a tidally dominated estuary. The 
elongate nature of the estuary also creates a tidal lag at the head of the estuary of ~20 
minutes behind East Boothbay at the mouth and results in sequential filling and draining 
of basins with each tidal cycle (McAlice, 1977). The estuarine system is ebb-dominated 
and the tidal prism for the area north of Fort Island is approximately 5.6 x 106 m3. 
McAlice (1977) approximated the summer flushing time of four to five weeks from 
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morphometric and tidal-range data. The southern extent of the estuarine environment is 
Fort Island, where salinity transitions to those that are representative of the open Gulf of 
Maine (McAlice, 1977).  
 
2.5 Sediment Distribution 
 In addition to compiling preliminary oceanographic data for the Damariscotta 
River system, McAlice (1977) conducted an early survey of bottom sediments using 50 
grab samples, concluding that areas that are not comprised of bedrock consist of poorly to 
extremely poorly sorted clayey to sandy silts. Rocky lag deposits characterize the 
constrictions of bedrock sills that isolate individual basins, where tidal currents are 
sufficiently strong to remove finer sediments (McAlice, 1977). Using seismic reflection 
profiles, side-scan sonar lines, sediment cores as well as sediment grab sample data, 
Hannum (1997) built on the work of McAlice (1977) and Shipp (1989) and created a 
surficial sediment map based on side-scan sonar for the estuary from Perkins Point to 
Fort Island (Figure 1.7). Much of this middle to outer section of the estuary is 
characterized by mud, sand with mud, and generally lined by rock with gravel along the 
shorelines and at constriction points. 
 
2.6 Significance of Oysters 
Although their recent reintroduction into the estuary is a result of aquaculture, 
oysters, Crassostrea virginica, are historically and ecologically significant in the history 
and evolution of the estuarine system. The presence of shell middens in several locations 
along the river provide minimum age constraints on rising sea level and suggest when 
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basins were overstepped (Sanger and Belknap, 1987). As oysters require a minimum 
salinity of 6 ppt, the appearance of middens in basins along the river and an oyster 
bioherm in Dodge Basin correspond with the reincorporation of isolated basins into the 
estuarine system (Leach, 2007; Leach and Belknap, 2007). The expansive Whaleback and 
Glidden Middens are indicative of the vast quantity of oysters that once inhabited the 
Damariscotta River and the significance of this species to the local indigenous 
population. Furthermore, the local extirpation of the oyster population may correspond to 
exploitation by local indigenous populations and/or increasing salinity within the 
estuarine system that enabled the inland migration of the oyster drill, a key oyster 
predator requiring salinities greater than 20 ppt (Sanger and Belknap, 1987).  
 
2.7 Previous Work 
2.7.1 Damariscotta River  
Previous studies in the Damariscotta River have reconstructed the evolution of the 
estuarine system in the context of Holocene sea-level fluctuations. Extensive seismic 
reflection profiles and sediment cores form the basis for understanding the evolution of 
the estuarine system in the context of late Quaternary and Holocene sea-level changes 
(Shipp, 1989; Belknap et al., 1994). With sediment cores in the middle to upper estuary, 
the evolutionary model for the estuary is correlated with sea-level changes for the Maine 
coast region (Shipp, 1989; Belknap et al., 1994).   
Side-scan sonar surveys in the middle estuary revealed that the dominant 
sediment types are silt and mud, with mud blanketing coves, inlets as well as many of the 
deep basins (Figure 2.6, Hannum, 1997).  Deposits of muddy sand, and smaller deposits 
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of sandy gravel, are often found associated with bedrock outcrops and narrow 
constrictions within the river (Hannum, 1997). Gross sedimentation rates for the middle 
estuary, as measured by sediment traps, are roughly 4 g/cm2yr-1 (Hannum, 1997).   
 
Figure 2.6: Map of bottom sediments in the middle and lower estuarine zones of the 
Damariscotta River estuary (from Hannum, 1997). 
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Tidal mudflats, abundant in the upper estuary and all adjacent coves, are generally 
considered depositional environments (Anderson et al., 1981). Precise leveling surveys 
utilized in Lowe’s Cove, in upper Long Basin, measure both spatial and temporal 
changes in sediment to reveal that mudflats experience both erosion and deposition, at 
times simultaneously on different parts of the flat (Anderson et al., 1981). 
Several archeological studies have focused extensively in Dodge Basin, looking 
for shell middens comprised of Crassostrea virginica (Davies, 1992; Leach, 2007). 
Utilizing seismic reflection profiles and sediment cores, Davies (1992) built on the work 
of Shipp (1989) in this region to identify natural oyster biomes preserved in Dodge Cove, 
though not shell middens. With detailed seismic reflection profiles, side-scan sonar and 
sediment cores, Leach (2007) confirmed the presence of natural oyster bioherms and 
developed a predictive model for identifying submerged shell middens.  
Oyster bioherms are found in other large rivers in the Northeast, such as the 
Hudson River, where oysters flourished during the Holocene and were extirpated by 
cooler seawater temperatures around 4,000-5,000 years ago (Carbotte et al., 2014). 
Oysters later returned to the Hudson River valley but the population again disappeared 
with the onset of the Little Ice Age (Carbotte, et al., 2014). Relict oyster beds, that resist 
wave erosion, remain in the Hudson River today (Carbotte et al., 2014). Oyster bioherms 
are also present in many estuaries and bays along the mid- and southeastern United 
States, including the Piscataqua River (Grizzle et al., 2008), Chesapeake Bay (Bratton et 
al., 2002) and Mobile Bay (Ryan and Goodell, 1972). 
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2.7.2 Sedimentation Rates 
Lead-210 is a naturally occurring isotope in the uranium-238 decay series. It is 
removed from the atmosphere by precipitation and dry fallout and is then scavenged by 
sediments and organic material in lakes and the marine environments (Appleby and 
Oldfield, 1983; Nittrouer et al., 1984). 210Pb geochronologies were effectively used to 
constrain sedimentation rates in lakes (Appleby and Oldfield, 1983) and estuarine 
environments, such as the Chesapeake Bay (Brush, et al., 1982, 1989; Colman and 
Bratton, 2003; Cronin et al., 2000), Narragansett Bay (Goldberg et al., 1977), San 
Francisco Bay (Nichols et al., 1986) and Merrymeeting Bay (Köster et al., 2007). These 
studies have focused particularly in instances related to anthropogenic disturbance to and 
pollution of estuarine environments. This technique is most effective when combined 
with other proxies, such as pollen (Brush et al., 1982) and Cesium-137 (Köster et al., 
2007; Lu and Matsumoto, 2005; Sugai et al., 1994). Nittrouer et al. (1979) also used lead-
210 geochronology to successfully constrain sediment accumulation patterns on the 
Washington continental shelf.  
While Lead-210 geochronology is a proven and effective tool for constraining 
sediment accumulation rates, it has limitations. It is ideal for areas with steady 
accumulation (>1 mm/yr) of modern sediments that are not extensively mixed by 
physical or biological processes (Nittrouer, et al., 1979). Alternatively this tool is difficult 
or impossible to use in sediment cores with low accumulation rates (<1 mm/yr), complex 
stratigraphies (such as grain-size fluctuations or interbedding or sand and mud), low 
initial activities or thick surface mixed layers (Nittrouer, 1979). In environments such as 
salt marshes, Cesium-137 can lend credibility to geochoronologies derived from Lead-
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210 activities (Wilson et al., 2010). However, environments low in clay content, such as 
regions in nearby Merrymeeting Bay, 137Cs can diffuse upward and downward 
throughout sediments, which can limit its use when paired with 210Pb age models (Köster, 
et al., 2007; Anderson et al., 1987).  
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CHAPTER 3 
METHODS 
 
3.1 Approach 
 
This thesis is part of an EPSCoR-funded project to understand the social 
ecological systems framework and environmental effects of aquaculture in Maine through 
the establishment of a sustainable ecological aquaculture network (SEANET). As such, 
this study provides detailed bathymetry and backscatter intensity data for the creation of 
coupled hydrodynamic and biogeochemical models (Coupland, 2016) and further 
SEANET applications. It also provides an opportunity to characterize the distribution of 
sediment and quantify spatial and temporal trends in sediment accumulation throughout 
the Damariscotta River estuary. 
 
3.2 Sediment Characterization 
3.2.1 Geophysical Survey  
 To understand the distribution of sediment as well as sedimentary composition 
found within the Damariscotta River estuary, the University of Maine Marine Geology 
research team conducted a detailed multibeam bathymetry and backscatter intensity 
survey in the summer of 2015. The survey area extends from the US Route 1 bridge in 
Damariscotta, the inner extent of navigable waters, to immediately south of Fort Island 
(Figure 3.1), where the river transitions from estuarine to fully marine conditions 
(McAlice, 1977). The total area surveyed is 13.7 km2. 
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  Basins were generally surveyed discretely, with the outer, deeper basins surveyed 
before the inner, shallower basins. Coves and sub-intertidal transition mudflats were 
surveyed to the maximum extent possible. Limitations on the survey extent included tidal 
stage and near-shore navigation hazards. Whenever possible, near-shore areas were 
surveyed at high tide to maximize survey coverage. 
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Figure 3.1: Extent of MBES coverage in the Damariscotta River Estuary. The red star 
indicates location of Pemaquid Harbor, the tide station from which bathymetry data is 
corrected for tide state.   
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 Multibeam bathymetry and backscatter intensity data were collected using a 
coupled Olex/WASSP system mounted on an 18-foot Sweetwater Challenger pontoon 
boat (Figure 3.2). Additional technology included a Furuno GPS and Maretron digital 
compass. The survey was conducted over 27 days at a 0.23 m resolution and 9.3 m 
radius. Data were corrected for tidal state in real time using tide tables for Pemaquid 
Harbor and are referenced to mean low low-water (MLLW) and World Geodetic System 
(WGS) 1984.  While the MBES system was corrected for the pitch and roll of the vessel, 
some artifacts remain present in the MBES datasets due to the effect of environmental 
conditions (i.e. wind and currents) on the research vessel. Bathymetry artifacts appear as 
vertical steps at the outer extent of the MBES swath. Occasional backscatter intensity 
artifacts appear as anomalously hard or soft returns in a swath relative to the surrounding 
data.  
In processing the resolution was coarsened to 1.9 m to reduce file size. Data were 
then processed using multiple geographic information system (GIS) platforms (QGIS, 
Global Mapper and ArcGIS), with support from the University of Maine Advanced 
Computing Group and their high-performance visualization machines. Once inserted into 
a GIS, it is possible to examine bathymetry and backscatter intensity data in the context 
of previous geophysical studies, utilizing seismic reflection observations and side-scan 
sonar surveys (Shipp, 1989; Hannum, 1997; Davies, 1992; Leach, 2007). 
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Figure 3.2: Research vessel R/V Mud Queen and equipment. A) R/V Mud Queen, with 
WASSP transducer and Furuno GPS mast mounted forward of the steering console, B) 
Equipment locker with Olex/WASSP computer displays, power supplies and power 
inverters. 
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3.2.2 Sediment Characterization Survey 
  To better understand and ground truth the backscatter intensity data in terms of 
sediment composition, 22 grab samples were collected with a Ponar-style grab sampler 
throughout the estuary on August 27, 2015 (Figure 3.3) with the Maine Coastal 
Program’s Maine Coast Mapping Initiative team aboard the R/V Amy Gale. The samples 
were analyzed for bulk gravel, sand, silt and clay content using procedures described by 
Folk (1980) as well as water content (90 oC for at least four hours) and mass lost on 
ignition (LOI). LOI samples were heated to 550o C for not less than three hours and 
allowed to cool in a desiccating jar. Grab sample composition was then compared against 
backscatter intensity data for the same sites.  
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Figure 3.3: Sediment grab sample sites in the estuary. A) locations throughout the 
estuary, B) northern sample sites between Dodge Cove and Perkins Point and C) southern 
sample sites between Seal Cove and Salt Marsh Cove. 
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3.3 Sediment Accumulation Patterns 
 A series of eight short piston cores (7.62 cm diameter aluminum core barrels, 
ranging in length from 0.83 m to 1.73 m) were collected on August 17, 2015 (Figure 2.4). 
Core sites were selected using backscatter intensity data to identify areas where values 
were lowest, indicating softer, muddier substrate (Figure 2.5). Four cores, selected for 
wide spatial distribution and overall core length, were used to determine sediment 
accumulation rates throughout the estuary (Figure 2.5).  Each of these cores was opened, 
photographed and logged. The top ~16-30 cm of each core was sub-sampled at 1 cm 
intervals for gamma-spectroscopy analysis in horizontal, high-purity germanium, well 
detectors (HPGe) capable of directly measuring trace concentrations of Lead-210 and 
Cesium-137. The germanium detector uses a low noise lead shield that allows for the 
accurate retrieval of the relatively low energy gamma ray that 210Pb emits (46.5 keV) and 
the comparatively higher energy gamma ray that 137Cs emits (661.5 keV) (Cahl, 2012).  
For each sample, after HPGe analysis, organic content was determined using LOI 
(samples were heated to 550o C for not less than three hours and allowed to cool in a 
desiccating jar). Carbonate content was determined for core DR-PC-15-02 (because of 
shelly layers present, Figure B.1) by measuring weight loss after rinsing each sample 
with hydrochloric acid to dissolve carbonate materials (Molnia, 1974). Using 210Pb and 
137Cs activity profiles, as well as organic and carbonate content for each sub-sample, age-
depth models were developed for each core. Age models were then used to determine 
sediment accumulation rates in the surface sediments at core sites.  
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3.4 Sediment Thickness 
Extensive seismic reflection profiles and sediment cores collected by Shipp 
(1989) resulted in an isopach map of the estuary. Using ArcGIS, the map was geo-
referenced to satellite imagery (Maine GIS, 2009) and digitized. Once digital, the area 
was calculated and volume estimated for each isobath. 
 
 
Figure 3.4: Piston Corer used to collect cores. Cores were collected aboard aboard the 
R/V Ira C (photo: Belknap, D.F. 2015). 
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Figure 3.5: Sites at which piston cores were collected in the Damariscotta River. Green 
circles indicate cores that were analyzed for 210Pb and 137Cs, whereas red circles represent 
those that were not. 
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CHAPTER 4 
RESULTS 
 
4.1 Geophysical Survey  
4.1.1 Bathymetry 
In June and July of 2015, I conducted a mutlibeam echosounder survey (MBES), 
covering 14.1 km2 of the Damariscotta River (Figure 4.1). Location maps (Figures 4.2 
and 4.3) indicate the geographic location of figures and points, coves, bays and basins 
referenced. Pronounced depressions are present in Long Basin (between Fort Island 
Narrows and Wentworth Point, maximum depth 38.9 m), in Wadsworth Basin (between 
Wentworth Point and Merry Island Narrows, maximum depth ~28 m) and in Dodge 
Basin (from Glidden Ledge to Goose Ledge, maximum depth ~39 m). In the middle of 
the estuary, the area between Fort Island and Dodge Point, the basin and sill morphology 
dominates the system and the rough bathymetry suggests the sills are exposed or 
blanketed by sand and/or gravel deposits.  
North of Dodge Point, the bedrock constrictions identified by Shipp (1989) do not 
appear as prominently (Figure 4.1). In this region the bathymetry is smooth with a 
pronounced scoured thalweg. In the upper estuary the role of bedrock in the system’s 
morphology is reduced and limited to discrete outcrops along the edges of the channel 
(e.g. immediately north of Perkins Point and Goose Ledges, Figure 4.1). Scoured 
channels mark the thalweg of the river and are indicative of tidal ravinement in the 
estuary. Areas neighboring the channel and subtidal flats appear smooth and noticeably 
shallower than the thalweg.   
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Figure 4.1: Maps generated with MBES. A) Bathymetry and B) backscatter intensity 
results for the Damariscotta River. Unmapped areas at the edges of the data are intertidal 
or shallow rocky areas. 
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Figure 4.2: Location map indicating places referenced in text. Brown dashed lines 
indicate the location of bedrock constriction points from Shipp (1989). 
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Figure 4.3: Location map indicating the location of figures included in this text. 
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4.1.2 Estuarine Volume 
Using the bathymetry, I calculated the distribution of subtidal water volume 
throughout the estuary by depth (Figure 4.4). The exponential decay trend in the volume 
distribution illustrates the extent of the surface waters, which are of particular 
significance for light-dependent biological processes within the estuary, as well as the 
temperature of the system. That less than five percent of the estuarine volume is restricted 
to the deepest 20 meters of the river reiterates the role of tidal currents in scouring the 
estuarine thalweg within the system. 
 
 
Figure 4.4: Hypsometry of the Damariscotta River estuary. The distribution of water 
volume is calculated from MBES bathymetry data. All depths are in reference to MLLW 
and water volumes represent subtidal volume. 
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4.2 Sediment Characterization 
 In addition to bathymetric data, backscatter intensity data, which result from the 
strength of the MBES return signal, yield additional insights into seafloor composition. In 
areas where a higher return signal is recorded, I infer a harder and/or rougher substrate; 
conversely in areas where a weaker backscatter intensity value is measured, the substrate 
is softer and/or smoother.  
 
4.2.1. Grab Sample Analysis  
Grain size analysis of sediment bottom grab samples confirms that MBES 
backscatter intensity data can be used as a proxy for sediment bottom type. Analysis of 
22 bottom grab samples indicates a significant relationship exists between increasing 
backscatter intensity and increasing sand and gravel composition (expressed as a percent 
of total mass; Figure 4.5).   
 
 
Figure 4.5: Backscatter intensity vs. sand and gravel content. Mass of the total sample. N 
= 22. The correlation coefficient is significant at the 0.05 level. 
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4.2.2. Backscatter Intensity  
 Detailed backscatter intensity data were recorded throughout the survey area 
(Figure 4.1). Higher, more reflective returns were recorded in the Narrows by Fort Island, 
between Carlisle Point and Miller Island, from Maguire Point to Burnham Cove and 
between Dodge and Kelsey Points (Figure 4.4). These areas are constrictions that result 
from the bedrock geometry of the estuarine system. The backscatter values for these areas 
are greater than 50% and correspond with substrate comprised of generally more than 
50% sand and gravel and/or exposed bedrock. The edges of the survey area, particularly 
in the middle and outer estuary, correspond to higher backscatter values (e.g. the 
shorelines between Carlisle Point and the Back Narrows) that are associated with the 
steep, cliffed shorelines that are characteristic this region of the river.  
 Areas with softer backscatter returns, associated with finer bottom sediment, are 
common in the many coves that border the river and adjacent to the thalweg. While the 
upper river (north of Glidden Ledge) exhibits a softer return than the lower river, it is 
harder than the coves and areas adjacent to the thalweg.  
 
4.3 Submerged Landforms 
4.3.1 River Thalweg  
 Bedrock constriction points and deep basins, first identified by Shipp (1989), 
dominate large-scale morphology and control the thalweg of the river. North of Glidden 
Ledge, the thalweg is delineated by bathymetric depressions associated with tidal 
scouring and ravinement (Figure 4.1). Particularly in Days Basin, the thalweg is also 
associated with more reflective sediments (Figure 4.6). However the bathymetric 
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definition of the thalweg is reduced south of Perkins Point and all but eliminated south of 
Glidden Ledge. Near constriction points (e.g., between Glidden Ledge and Kelsey Point, 
and the Fort Island Narrows), more intense backscatter data indicates a harder, more 
reflective substrate. In other cases, such as near Maguire Point and Miller Island and east 
of Upper Dodge Point, more reflective backscatter data that stretch across the river 
appear to be more isolated constriction points.   
 
 
Figure 4.6: MBES data in Days Basin. A) bathymetry and B) backscatter, indicating 
primary and secondary channels as well as drainage networks associated with the 
intertidal and subtidal flats, shown by white and red arrows. Note that the unmapped 
areas on the margins of the MBES data are shallow intertidal regions (generally < 2 m 
deep at high tide).  
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4.3.2 Subtidal Drainage Networks 
 While MBES data-collection in coves and shallow regions was limited by water 
depth and tidal state, we successfully mapped several networks of submarine drainage 
networks in Days Basin (Figure 4.6). Most prominently, just west of the primary river 
thalweg, a network of small channels (Figure 4.6, white arrows) drains into a larger 
channel that joins the thalweg just south of Little Point. The mapped channels, mostly 
submerged at low tide, may connect to intertidal channels, and serve as the drainage 
network for tidal flats. Much like the primary thalweg, the subtidal drainage channels 
also exhibit a more reflective backscatter return, associated with coarser sediment.  
On the east side of the river, just off Days Cove and Norris Point, a second, smaller 
network of channels is also evident (Figure 4.6, red arrows). These channels are evident 
both as bathymetric depressions and elevated backscatter intensity. They are also 
separated by a submerged field of large cobbles and small boulders, associated with the 
erosion of the Norris Point bluff.  
4.3.3 Current Lineations 
The vicinity of Perkins Point marks a transition in the estuarine system. North of 
Perkins Point, a prominent thalweg is present in the bathymetry and backscatter intensity 
(approximately Km 23 – 34 in Figure 2.3). South of Perkins Point, however, bedrock 
constrictions dominate bathymetry and the backscatter data. Between Perkins Point and 
Upper Dodge Cove, current lineations, oriented parallel to river channel, are present on 
the western side of the estuary. Evident in both bathymetry and backscatter intensity data, 
the lineations form topographic ridges and toughs that are approximately 100 m in width 
and 700 m in length (Figure 4.7, Figure 4.8). These lineations are also visible in archived 
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side-scan sonar tracks for this area (Belknap, unpub. data). Perkins Point, to the north, is 
a rocky bluff. At its base, a shallow shoal (~ 2.3 m depth, ~750 m in length) extends ~375 
m into the river and is marked by high backscatter intensity values. To the south, Upper 
Dodge Cove is also shallow (less than ~2 m) and corresponds with softer backscatter 
intensity values. 
 
Figure 4.7. Current-oriented striations present on the seafloor. A) bathymetry and B) 
backscatter intensity, indicate current lineations located between Perkins Point and Upper 
Dodge Cove. The red line indicates the location of the profile shown in Figure 4.8.  
 
Figure 4.8: Vertical relief and backscatter intensity of current lineations. The location of 
the profile is indicated by red line in Figure 4.7. 
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4.3.4 Relict and Modern Oyster Beds 
Dodge Cove, a relatively shallow (< ~4 m, MLLW) cove with quite soft 
backscatter intensity values, is known as the site of relict oyster beds (Figure 4.1; Shipp, 
1989; Leach, 2007; Leach et al., 2007; Davies, 1992). The shoal, blanketed by soft 
sediments, extends beyond the concavity of the shoreline, west and south into the main 
channel of the river (Figure 4.9). While less pronounced than in the upper river, the 
thalweg borders the southeast edge of relict oyster beds in Dodge Cove, between Dodge 
Point and Glidden Ledge.  
Immediately south of Hog Island is a prominent shoal that is characterized by 
depths less than ~1.5 m (MLLW) and high backscatter intensity values (Figure 4.9). A 
number of oyster aquaculture leases are presently in use on and around this shoal, 
indicating that it is likely a modern oyster bed. While its bathymetry (shallow, with little 
topographic variation) is similar to the relict oyster beds in Dodge Cove, the backscatter 
intensity is distinctly opposite.  
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Figure 4.9: Dodge Cove relict and Hog Island modern oyster beds. A) Bathymetry, Maine 
DMR Aquaculture lease sites and location of relict (yellow) and modern (red) oyster 
beds. B) Backscatter intensity data are distinctly different for Dodge Cove and the shoal 
south of Hog Island. 
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 4.3.5 Recessional Moraines 
The Damariscotta River is bordered by a series of marginal moraines associated 
with retreat of the Laurentide Ice Sheet (Figure 4.10).  Oriented approximately east-west 
and perpendicular to the estuarine trend, several of the moraines exist as eroding bluffs 
along the Damariscotta River shoreline. Two moraines are located on the eastern shore, 
between Prentiss Cove and Huston Cove (Figure 4.10 A & B). Isolated and eroding 
moraines are also present in Lower and Upper Dodge Coves (Figure 4.10 C). In Upper 
Dodge Cove, at low tide, Presumpscot Formation glaciomarine clay can be seen draped 
over eroding till. Seaward of these moraines, large cobbles and boulder fields are present 
in intertidal and subtidal waters.  
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Figure 4.10: Recessional moraines in the Damariscotta River estuary. A, B and C indicate 
the location of moraines; the red box indicates a recessional moraines belt evident in the 
LiDAR Hillshade DEM (from Maine Office of GIS (https://www1.maine.gov/megis/). 
Moraines A and B are found on the east shore, due east of Perkins Point. Moraine C is 
located in Upper Dodge Cove.  
 
4.4 Sediment Accumulation Patterns 
4.4.1 Sediment Cores 
Four short piston cores were collected from coves throughout the estuary (Table 
4.1; Figures 4.10 and 4.11; Appendix B). DR-PC-15-02, collected from Long Cove, 
consists primarily of uniform, fine-grained estuarine sediment. Layers of shell fragments 
are present at 4-6 cm, 10-13 cm, 20-22 cm and 55-59 cm. Small organic fragments, 
including wood and pine needles, are present occasionally throughout the core and are 
less common from 120-140 cm. The core catch, present from 155 – 170 cm, contains 
estuarine sediment. 
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DR-PC-15-04 (Figure 4.11), collected from Lowe’s Cove, consists of uniform 
fine-grained estuarine sediment, with decreasing water content throughout the core. The 
top 12 cm of the core are quite high in water content and soupy, whereas the water 
content decreases from 12 – 30 cm and sediment is increasingly stiff. Sand content 
increases from 15 cm to 86 cm and fine mica fragments are present between 50 cm and 
117 cm. A layer rich in wood and shell fragments is present at 66 – 68 cm. A sandy layer 
with shell fragments is present from 87 – 97 cm.   The core catcher, from 104 – 117 cm, 
did not capture any sediment.  
Table 4.1: Piston core sites, locations and core lengths. 
Piston Core 
Identification Core Site Name Core Site Location Core Length 
DR-PC-15-02 Long Cove 43
o 0.306’ N 
069o 33.836’ W 1.71 m 
DR-PC-15-04 Lowe’s Cove 43
o 55.977’ N 
069o 34.723’ W 1.17 m 
DR-PC-15-07 Upper Dodge Cove 43
o 59.602’ N 
069o 33.031’ W 1.04 m 
DR-PC-15-08 Shoal south of Hog Island 
44o 0.306’ N 
069o 32.368’ W 1.40 m 
 
 
Table 4.2: Piston core sediment samples utilized in radionuclide analysis.  
Piston Core 
Identification Core Site Name 
Core Utilized in 
Radionuclide Analysis 
DR-PC-15-02 Long Cove 0 – 15 cm 
DR-PC-15-04 Lowe’s Cove 0 – 17 cm 
DR-PC-15-07 Upper Dodge Cove 0 – 14 cm 
DR-PC-15-08 Shoal south of Hog Island 0 – 21 cm 
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Figure 4.11: DR-PC-15-04 sediment core log from Lowe’s Cove. 
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The core from Upper Dodge Cove, DR-PC-15-07, is the shortest of the cores. 
Composed of fine-grained estuarine sediment, the water content decreases from 0 to 25 
cm. Several wood fragments were identified at 20, 59 and 97 cm depth and mussel shell 
fragment at 4 – 5 cm. A pebble (measuring approximately 5.5 x 2 x 3.5 cm) was found at 
20 – 26 cm depth. Sediment remains roughly uniform in water content from 25 – 104 cm, 
though some shell fragments are present in the core catcher (93 – 104 cm) at 94 – 95 cm.  
The core collected from the shoal south of Hog Island, DR-PC-15-08, is the 
longest of the cores at 1.71 m. The fine-grained estuarine sediment is high in water 
content at the top of the core and decreases gradually. The top 0 – 5 cm of the core is 
particularly soupy, with a slight increase in cohesion between 5 and 10 cm. Cohesion 
continues to increase from 10 to 30 cm and from 30 – 40 cm, sediment is pocked and 
crumbly in a several places. From 50 – 140 cm, the plasticity of the sediment is greater 
than in the upper core and a marbled appearance between 60 and 75 cm may be indicative 
of burrows. A razor clam (Ensis directus) shell was lodged in the sediment between 82 
and 90 cm and a layer of shell fragments is present at 108 – 112 cm. Several isolated 
wood and shell fragments are present between 118 and 130 cm and the core catch 
occupies 125 – 140 cm of the core. 
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Figure 4.12: DR-PC-15-08 sediment core log from the shoal south of Hog Island. 
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4.4.2 Radionuclide Analysis  
Radionuclide analysis of four sediment cores yielded specific activity profiles for 
of 210Pb and 137Cs (Figures 4.11 – 4.14, Table 2, Appendix D). The specific activity of 
210Pb decays rapidly to background, supported levels in the top 3 cm of DR-PC-15-02, 
whereas DR-PC-15-07 and DR-PC-15-08 decay over approximately 9 cm. The specific 
activity of 210Pb in DR-PC-15-04 is more variable, although a trend of decay is evident 
between approximately 6.5 and 13.5 cm.  Background, supported activities are 
considered to be those where the specific activity of 210Pb ceases to vary significantly 
with depth.  
137Cs specific activities are considerably lower than those of 210Pb (Figures 4.15 
and 4.16). 137Cs specific activities in DR-PC-15-02 and DR-PC-15-07 are much lower 
than DR-PC-15-04 and DR-PC-15-08. The cores with higher specific activities also show 
substantially more variability, with values ranging from 0.0002 Bq/g to 0.021 Bq/g. The 
oscillating specific activities in DR-PC-15-04 and DR-PC-15-08 show multiple peaks of 
varying height whereas the quieter cores, DR-PC-15-02 and DR-PC-15-07, exhibit only 
minor peaks.  
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Figure 4.13: Specific activity of 210Pb in sediment cores from the southern estuary. A) 
Activities in DR-PC-15-02 and B) activities in DR-PC-15-04. 
 
Figure 4.14: Specific activity of 210Pb in sediment cores from the northern estuary. A) 
Activities in DR-PC-15-07 and B) activities in DR-PC-15-08. 
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Figure 4.15: Specific activity of 137Cs in sediment cores from the southern estuary. A) 
Activities in DR-PC-15-02 and B) activities in DR-PC-15-04. 
 
Figure 4.16: Specific activity of 137Cs in sediment cores from the northern estuary. A) 
Activities in DR-PC-15-07 and B) activities in DR-PC-15-08.   
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CHAPTER 5 
DISCUSSION 
 
5.1 Sediment Accumulation Patterns  
Radionuclide analysis of 210Pb and 137Cs activities in sediment cores is intended to 
provide insights into sediment accumulation patterns and rates at each core site. Such 
insights include the degree of sediment stability and/or reworking of sediment at core 
sites, as well as the sources of sediment to the estuary. Sediment sources could be 
predominantly reworked Pleistocene glaciomarine mud and Holocene estuarine 
sediments or the estuary may receive new, terrestrial input. Sediment accumulation 
patterns are considered in the context of backscatter intensity datasets and estuarine 
location (i.e., coves, channels and flats).  
210Pb specific activities (Figures 4.13 and 4.14) measured for this study are 
consistent with previous studies utilizing the same method (Mayer, et al., unpub. data) 
and are generally quite low. Regional terrestrial 210Pb inventories (Landis et al., 2016) are 
generally an order of magnitude greater than those in this study. While there is 
considerable variability between 137Cs specific activities in sediment cores (i.e., Figures 
15 A and 16 A vs. Figures 15 B and 16 B), the specific activities are also quite low, and 
1-2 orders of magnitude less than regional terrestrial inventories (Landis et al., 2016). 
This is indicative of both the comparatively old age of sediments within the Damariscotta 
River system as well as the relatively limited input of newer sediment to the system. 
 The specific activities of 210Pb measured throughout each core vary substantially. 
It is not unusual for surface sediments to exhibit some degree of homogeneity due to 
physical processes and bioturbation mixing the sediment (Nittrouer et al., 1984; Smith et 
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al., 1986; Sharma, et al., 1987; Bentley et al., 2014). However, the depth of mixed 
sediment, referred to as the mixed zone, varies among cores. 210Pb specific activities in 
DR-PC-15-02 and DR-PC-15-07 (Figures 13A and 14A) decline rapidly with depth, 
suggesting that no mixed interval is present in these cores. The rapid decline could be a 
result of erosional events and/or environments at these cores sites, or due to disturbance 
and/or loss during the coring process. In the case of DR-PC-15-02, in which 210Pb 
activities appear to reach background levels by 2.5 cm depth, this setting is likely erosive 
and an area of comparatively low deposition rate. Multiple shelly and sandy layers 
present in the core (Figure 4.12) are indicative of disturbance and/or episodic deposition 
at that site. Interpreting 210Pb results from DR-PC-15-07, collected at Upper Dodge Cove 
and immediately south of the current lineations (Figures 4.7 and 4.8, requires a better 
understanding of the historical hydrodynamics of this environment that could yield more 
insights into sediment dynamics at this site. It is noteworthy that DR-PC-15-07 210Pb 
activities do exhibit the expected exponential decay overall, however a significant 
disturbance is apparent at 5.5 – 6.5 cm depth within the core. A secondary analysis of 
samples from this section of the core was conducted and confirmed the disturbance was 
not a result of sampling or instrumental error (see Appendix A). The increase in 210Pb 
activity recorded at 5.5-6.5 cm in DR-PC-15-07 could be indicative of an influx of 
sediment new to the system or from an alternative source.  
 DR-PC-15-04 and DR-PC-15-08, collected from Lowe’s Cove and the shoal 
south of Hog Island respectively, in contrast to DR-PC-15-02 and DR-PC-15-07, exhibit 
some degree of surface sediment mixing as seen in the 210Pb specific activities from the 
upper core. Specific activities of 210Pb in DR-PC-15-04 (Figure 13 B) oscillate between 
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the surface and 7.5 cm depth before declining steadily and reaching stable, background 
levels at 13.5 cm depth. The mixed interval evident in DR-PC-15-08 (Figure 14 B) is 
considerably smaller, from the surface to 2.5 cm depth, at which point 210Pb activities 
decline and reach background levels at 9.5 cm depth. While neither record illustrates a 
classic, exponential decay in 210Pb activities (such as Köster et al., 2007 from nearby 
Merrymeeting Bay), both provide an opportunity to utilize the radioactive decay of 210Pb 
to better understand sedimentation rates at these sites.  
 
5.1.1 Age Models and Sediment Accumulation Rates 
 Using a constant rate of supply (CRS) model and the specific activity of 210Pb, 
age models were developed for each core to determine sediment ages and accumulation 
rates (Table 5.1). Inherent in this approach is the assumption that sediment accumulation 
is constant; it does not account of disturbances such as reworking or mixing of sediment 
or for periods of non-deposition. Excluding the uppermost 1 cm (where sedimentation 
rates are substantially higher than elsewhere in each core), average sediment 
accumulation rates determined by the CRS age-depth model are similar in each core and 
generally < 0.2 cm/yr (Table 5.1).  
 Sediment accumulation rates derived from 210Pb activities for DR-PC-15-04 and 
DR-PC-15-08 are reinforced by 137Cs activities in those cores. 137Cs was introduced into 
the marine environment in 1952 as a result of nuclear bomb tests and discharges from 
nuclear reactor facilities and reached peak fallout levels in 1963 (Sugai et al., 1994; 
Baskaran and Naidu, 1995). 137Cs activities in these cores do not exhibit the ideal 
singular, isolated peaks rather they are complicated. However, the activities are greatest 
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at core depths that coincide (within the margin of error) with 1963 (6.5 cm depth in DR-
PC-15-04; 5.5 cm depth in DR-PC-15-08). Because boundary ages and sediment 
accumulation rates are based in the assumption that sediment accumulation is constant 
and not disturbed, and because the many mechanisms exist for the disturbance and 
reworking of sediment in this environment, ages and accumulation rates should be 
regarded with a degree of skepticism.   
 
Table 5.1: Sedimentation rates and ages determined from CRS model. 
Depth 
(cm) 
Age 
(years) 
Year 
+/- 
Lower 
Boundary Age 
Sediment 
Accumulation Rate 
(cm/yr) 
DR-PC-15-04 
0.5 0.00 0.00 2015 3.45 
1.5 2.58 1.67 2013 0.49 
2.5 4.10 4.13 2009 0.29 
3.5 9.46 6.28 2003 0.16 
4.5 16.23 8.22 1995 0.13 
5.5 25.42 10.29 1983 0.08 
6.5 41.34 13.12 1969 0.07 
7.5 52.42 14.78 1953 0.06 
8.5 74.24 17.58 1929 0.04 
9.5 99.88 28.65 1906 0.04 
10.5 120.22 38.15 1897 0.11 
DR-PC-15-08 
0.5 0.00 0.00 2013 0.47 
1.5 6.28 5.13 2005 0.12 
2.5 16.45 8.29 1994 0.09 
3.5 27.70 10.76 1983 0.09 
4.5 38.66 13.94 1972 0.09 
5.5 49.21 16.68 1964 0.12 
6.5 55.44 18.31 1956 0.13 
7.5 65.13 19.71 1942 0.07 
8.5 83.13 22.09 1910 0.03 
9.5 128.37 29.70 1881 0.03 
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Figure 5.1: Sedimentation rates determined from CRS age-depth model. The blue line 
indicates results for DR-PC-15-04 (Lowe’s Cove) and the red line indicates results for 
DR-PC-15-08 (shoal south of Hog Island). In both cases, the surface data point is 
excluded.  
 
Mixing of sediment due to biological and physical processes, as well as low 
sediment accumulation rates (<0.1 cm/yr), are important factors to consider when 
interpreting 210Pb activities and derived geochronologies. The significance of mixed 
surface sediments and their complicating role in the use of 210Pb to determine sediment 
accumulation rates is well studied (Bentley et al., 2014; Nittrouer et al., 1984; Sharma, et 
al., 1987; Smith et al., 1986). The issues associated with extensive surface sediment 
mixing are exacerbated in areas of low sedimentation, where the degree of mixing affects 
a greater period of time in the record. Each core shows evidence of sediment mixing at 
the surface, or a mixed layer associated with physical and biological processes, which 
calls into question the value of using a 210Pb geochronology to such data (Figures 4.11 
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and 4.12; Bentley et al., 2014; Nittrouer et al., 1984; Sharma, et al., 1987; Smith et al., 
1986).  
Mechanisms for sediment disturbance in the Damariscotta River estuary, and at 
these core sites specifically, are abundant. Bioturbation and physical mixing cause 
sediments to be reworked and homogenized in the upper core. Furthermore, the process 
of collecting, transporting and processing sediment cores in the lab may also contribute to 
mixing of core sediments. Finally, anthropogenic activities that remobilize sediment, 
such as clamming in Lowe’s Cove and trawling for oysters in bottom-seeded aquaculture 
sites, may also contribute to the reworking of surface sediments in the estuary. 
Considering the degree to which sediments can be reworked, the CRS age-depth model 
ages and sediment accumulation rates should be treated with great caution. 
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Figure 5.2: Core locations in the context of MBES data. A) Bathymetry and B) 
backscatter intensity, where core site numbers correspond to that last digit of core 
identification name (i.e., 2 is DR-PC-15-02).  
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5.1.2 Estimating Sediment Accumulation Rates 
A second approach to interpreting 210Pb activities estimates upper bound of 
sediment accumulation rates while simultaneously taking into account the surface 
sediment mixed layer. By considering the specific activity of excess unsupported 210Pb 
integrated decay rate with core depth, it is possible to estimate an integrated sediment 
accumulation rate below the mixed layer depth and above background levels in the core 
(Figure 5.3; Table 5.2). Estimated sediment accumulation rates are determined using the 
210Pb decay constant (0.03114 yr-1) and the rate at which excess 210Pb activity decays 
with core depth.  
 
Figure 5.3: Excess 210Pb activities vs. core depth. The integrated rate of 210Pb decay with 
depth is used to estimate sediment accumulation rates at DR-PC-15-04 and DR-PC-15-
08.  
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Table 5.2: Estimated sediment accumulation rates 
Core 
Mixed Sediment 
Layer Depth 
Background 
Begins  
Estimated Sediment 
Accumulation Rate 
DR-PC-15-04 7.5 cm 13.5 cm <0.075 cm/yr 
DR-PC-15-08 2.5 cm 9.5 cm <0.053 cm/yr 
 
The discrepancy between sediment accumulation rates derived from the CRS age-
depth model and estimated rates that account for mixed surface sediments reinforces the 
problematic nature of determining sediment accumulation rates for an estuarine system 
such as the Damariscotta River. Integrated sediment accumulation rates, which account 
of some degree of sediment mixing, suggest that accumulation in the Damariscotta 
estuary is low, generally less than ~0.075 cm/yr. Despite complicating factors associated 
with the use CRS age-depth model rates, model results reinforce low accumulation in this 
system. Both approaches demonstrate that quantifying sediment accumulation rates for an 
estuary such as the Damariscotta is difficult, particularly where the influx of freshwater 
and new sediment is very low compared to the magnitude of tidal mixing within the 
estuary.   
Hydrodynamics associated with both core sites are complex, making it difficult to 
use accumulation rates to differentiate sediment accumulation trends within the estuary. 
The elongate estuarine geometry, coupled with low freshwater input, results in relatively 
little new, introduced sediment accumulating. Substantial tidal flushing (tidal prism: 5.6 x 
106 m3 with an estimated flushing time of 2-4 weeks, McAlice, 1977) likely reworks 
sediment extensively within the system. In addition to physical processes, surface 
sediment mixing, as well as burrows present in DR-PC-15-08 at 60-75 cm (Figure 4.12), 
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indicate the role that bioturbation plays in reworking sediment within the system (Bentley 
et al., 2014; Nittrouer et al., 1984; Sharma, et al., 1987; Smith et al., 1986).  
A comparison of sediment accumulation rates across the North American Atlantic 
coast (Table 5.3) reveals that accumulation rates are an order of magnitude less than other 
estuaries in the region. This confirms that, in comparison to other estuaries in the region, 
Damariscotta River is a sediment-starved system, in which accumulation rates very quite 
low. The Damariscotta River has a small watershed area, in comparison to the other 
estuaries in the region (Table 5.3), which likely is an important factor in sedimentation 
trends.  
Table 5.3: Regional comparison of sediment accumulation rates.  
Site Rate (cm/yr) Source 
Chesapeake Bay 0.3-0.8 
Goldberg et al., 1982; Brush 
1984 
Hudson River, NY 0.1-0.4 Slagle et al., 2006 
Great Bay Estuary, NH 30 Bilgili et al., 2003 
Merrymeeting Bay, ME 0.243 Köster et al., 2007 
Damariscotta River, ME < ~0.075 cm This Study 
 
5.2 Estuarine Framework  
Multibeam bathymetry data collected in this study add increased detail and 
precision to the existing bathymetry map (Shipp, 1989) and reinforce our understanding 
of the estuarine system as a series of basins punctuated by bedrock sills (Figure 4.1 A). 
The longitudinal geometry of the Damariscotta River is primarily a consequence of the 
bedrock framework, although sediment derived from eroding bluffs of glaciomarine mud 
and recessional moraines, and the hydrodynamics of the estuarine system are also 
important. Through the collection of extensive seismic reflection profiles, Shipp (1989, 
Figures 5.4 and 5.5) identified the basin and sill morphology of the system that serves as 
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the overarching geometric control on the Damariscotta River system. Shipp (1989) also 
described the distribution of sediment within it (Figure 5.6).  
The degree of total (Holocene and Pleistocene) sediment stored in the 
Damariscotta River varies considerably from the inner to outer estuary. The thickest 
sediment deposits (in Long and Wadsworth Basins) are in the middle and outer estuary. 
While more sediment is stored in the upper estuary, deposits are not as thick as the 
isolated deep deposits in the middle and outer estuary. Accommodation space available in 
each basin, and likely the time at which each basin was reincorporated into the marine 
environment during the Holocene sea-level transgression, are critical factors governing 
sediment accumulation throughout the evolution of this system. Furthermore, the extent 
of erosion of sediment is critical in the preservation of the stratigraphic record and 
accumulation of sediment (Belknap et al., 1994). Erosion associated with the sea-level 
low-stand is evident basal unconformity seen in seismic reflection profiles, and the 
ravinement unconformity associated with the modern hydrodynamic regime,  
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Figure 5.4: Selected seismic reflection profile cross-sections in the southern Damariscotta 
River. From Shipp (1989), modified by Belknap, D.F. Red represents bedrock, blue 
represents Pleistocene glaciomarine sediment, gray represents Holocene sediment and 
green represents natural gas. 
 
Figure 5.5: Selected seismic reflection profile cross-sections in the northern Damariscotta 
River. From Shipp (1989), modified by Belknap, D.F. Legend is described in Figure 5.4. 
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Figure 5.6: Total sediment thickness in the Damariscotta River estuary. Sediment 
thickness is determined from seismic reflection profiles. Digitized from Shipp, (1989, 
Figure 4-21). Areas shown as white are predominantly areas for which data does not 
exist. LiDAR Hillshade DEM is from the Maine Office of GIS 
(https://www1.maine.gov/megis/). 
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The bathymetry of the river system (Figure 4.1 A) illustrates the roles of bedrock 
and sediment distribution in estuarine hydrodynamics. Where the bathymetry of the 
southern Damariscotta River (south of Perkins Point) is controlled primarily by the basin 
and sill morphology and associated bedrock constriction points (described by Shipp, 
1989), the bathymetry of the northern estuary is controlled more by the distribution of 
sediment and the estuarine thalweg. With little sediment preserved in the outer estuary 
(Shipp, 1989, Belknap et al., 1994; Figures 5.2, 5.4), any semblance of a thalweg has 
been largely removed with the erosion of sediment, leaving behind exposed bedrock sills 
and deep basins. Bedrock constriction points are stripped of sediment, but pockets of 
sediment are preserved in basins (Figure 5.5; Figure 4.1 B). It is noteworthy, however, 
that the deepest bathymetric points in the middle and outer basins (i.e., Long and 
Wadsworth Basins) are adjacent to bedrock constriction points (i.e., Fort Island Narrows 
and Wentworth Point sill) and are not areas with greatest sediment thickness. Thus, deep 
depressions result from hydrodynamic processes scouring and eroding sediments adjacent 
to constriction points, whereas the thickest sediment deposits are located elsewhere in the 
basin, where hydrodynamic processes have a lesser effect on sediment accumulation and 
preservation.   
In the middle and outer estuary (south of Perkins’ Point), where sediment appears 
generally coarser and harder (Figure 4.1 B), finer sediment is associated with coves (e.g., 
Dodge Cove, Pleasant Cove) and areas adjacent to coves, where the channel widens 
sufficiently (e.g., near Lowe’s and Clark’s Coves) to alter the hydrodynamics and allow 
for sediment to be preserved at depth. The accumulation of increasingly softer and finer 
sediment in coves adjacent to the middle and outer estuary reinforces Shipp’s (1989) 
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observation that coves exhibit the same tripartite zonation as the estuarine system (Figure 
2.5), but on a smaller scale. 
While bedrock constriction points are present throughout the system (Figure 2.3, 
Figure 4.1), their role in the hydrodynamics of the estuary depends, in part, on the 
volume of sediment preserved throughout the system. For example, the Goose Ledge Sill, 
located at the southern end of Day’s Basin, (Figure 2.3, Figure 4.1) has a lesser impact on 
the sediment distribution and volume preserved near Days and Dodge Basin than Glidden 
Ledge Narrows does on lower Dodge Basin and Wadsworth and Mears Basins (Figures 
2.3 and 4.3). The greater volume of sediment stored near the head of the estuary (Figure 
2.4) impacts the hydrodynamics of the estuarine system, resulting in a pronounced 
estuarine thalweg in sediment-choked Days and upper Dodge Basins. In the upper 
estuary, the volume of sediment appears to play a greater role in the hydrodynamics of 
the estuarine system than the bedrock framework. 
Relict oyster reefs in Dodge Cove protrude into the channel. Erosion-resistant 
oyster bioherms in other Northeast estuaries play an important role in the hydrodynamics 
(Carbotte, et al., 2014). Furthermore, modern oyster bioherms may be present near the 
head of the estuary and could result from modern aquaculture (e.g., the shoal south of 
Hog Island). These bioherms, combined with the sediment choking, likely affect 
estuarine hydrodynamics in the upper estuary.  
Surficial sediment preserved in the upper estuary is, in general, finer and/or softer 
than the sediment preserved in the outer estuary (Figure 4.1). Finer sediments in the 
upper estuary are generally restricted to areas adjacent to the estuarine tidal channel 
thalweg and in coves, as evidenced by the softer backscatter intensity returns, whereas 
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harder returns are associated with the thalweg and bedrock constriction points (Figure 
4.1). On a smaller scale, this trend was also seen in Days and Lowe’s Coves, where 
similar sub-tidal drainage networks were associated with harder sediments and 
neighboring flats were softer and muddier.  
Current lineations, such as those identified between Perkins Point and Upper 
Dodge Cove (Figure 4.7), are longitudinal bedforms found in high current areas of 
estuaries, parallel to the predominant direction of flow (McKinney et al., 1974; Flood, 
1983). In the Damariscotta River they appear to indicate a transition from the upper 
estuarine environment to the middle and outer estuary, in which the basin and sill 
morphology is the dominant control. North of this area, intertidal and shallow sub-tidal 
flats are ubiquitous features that border the river thalweg. As a result, the volume and 
distribution of sediment are critical components of the hydrodynamics in this region of 
the estuarine system. South of Perkins Point and the current lineations, where the basin 
and sill morphology is dominant, the bathymetry and surficial sediment are rougher, with 
only with shallow pockets of softer sediment restricted to coves and areas away from the 
primary channel of the river. Given their location within the system, the current lineations 
appear to be a consequence of the shift in factors controlling estuarine hydrodynamics. 
The breadth of the lineations widens from north to south, as the estuarine thalweg also 
widens and ultimately becomes defined by the constriction points in the middle and outer 
estuary.  
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5.3 Estuarine models  
 In the simplest sense, the Damariscotta River estuary conforms to previously 
described estuarine models (Pritchard, 1967; Belknap et al., 1986; Dalrymple et al., 
1992). The farthest upstream extent of tidal processes and mixing of saline water is Great 
Salt Bay. Utilizing purely the chemical definition of an estuary (Pritchard, 1967), as the 
region in which the salinity changes from fresh water to marine, the Damariscotta River 
estuary stretches from Great Salt Bay to the Narrows at Fort Island, where the salinity 
transitions to fully marine (McAlice, 1974).  The outer extent of the estuary is likely not 
stationary and may vary, to some degree, with seasons and precipitation events.  
Because the freshwater input to the Damariscotta River estuary is low, the effect 
of fluvial processes in the river is minimal in comparison to marine processes. Tides 
dominate marine influence here because the elongate geometry restricts the impact of 
waves to the outer estuary. Unlike the standard conceptual stratigraphic model of a tidally 
dominated estuary (Dalrymple et al., 1992), in which a tide-dominated estuary is choked 
by marshes and tidal sand bars, the geometry of the Damariscotta River is ultimately a 
consequence of the bedrock framework (Shipp, 1989; Belknap et al., 1994). Marshes are 
scarce in the estuary and fringe features that border coves and the shoreline in the upper 
estuary. In the outer estuary, steep rocky shorelines and deep basins of the Damariscotta 
River valley prohibit the development of salt marsh systems. Tidal sand bars, described 
by Dalrymple et al., (1992) are not features found in the Damariscotta River because of 
the steep topography of the river valley, limited riverine input of sediment, and the 
generally fine, marine sediment in the system. Instead, however, tidal and subtidal flats 
are ubiquitous in the upper estuary north of Perkins Point, particularly in Days Basin and 
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Great Salt Bay.  In contrast to the standard tide-dominated model of estuarine energetics, 
morphology and sediment facies (Dalrymple et al., 1992), the bedrock geometry is 
critical to development of the Damariscotta River system and necessary to understanding 
the hydrodynamics of this environment.  
In addition to impacting the hydrodynamics of the estuary, the role of the bedrock 
geometry of the system is also critical for biological and chemical processes with the 
estuarine environment. Glidden Ledge, a substantial constriction point separating Dodge 
Basin from Mears Basin, effectively bisects the estuary into distinctly different 
environments, in which salinity and temperature vary considerably up- and downstream 
of this point (Coupland, 2016). In addition to affecting the transgressive development of 
the estuarine system in a valley incised into glaciomarine sediments and bedrock, the 
bedrock framework is critical to the establishment and maintenance of modern physical 
and biological processes acting the estuary. 
While the role of bedrock in northeast estuaries was earlier acknowledged 
(Roman et al., 2000), it is not well documented nor understood. The tripartite zonation 
model of Maine estuaries (Figure 2.5; Belknap et al., 1986; Kelley, 1987) aptly describes 
the generalized distribution of sediment within the Damariscotta River yet fails to capture 
the role of bedrock geometry and constriction points. The rockbound coast of Maine and 
bathymetry of other estuaries in this region suggest that the role of bedrock in controlling 
estuarine hydrodynamics is not unique to the Damariscotta River estuary.  
While the role of the bedrock framework in the evolution of the Damariscotta 
River is clear and well studied (Shipp, 1989 and Belknap et al., 1994), a generalized 
schematic rendering that results from this study incorporates the role of bedrock and 
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constriction points in the estuarine system (Figure 5.7). Similar to the tripartite zonation 
described by Belknap et al. (1986), Kelley (1987) and Shipp et al. (1987), I recognize 
three generalized zones within the Damariscotta River estuary. The upper estuary, from 
its head in Great Salt Bay to Perkins Point, is sediment choked with extensive intertidal 
and subtidal flats. A pronounced thalweg, as well as secondary channels cut into the flats 
and are well defined both by topographic relief and harder, coarser sediments in the 
channels. Similar channel networks are present in coves throughout the estuary (e.g., 
Lowe’s and Day’s Coves). Eroding bluffs, comprised moraines and glacial till deposits 
may contribute to the sediment supply in the upper estuary. Fringe salt marshes are also 
present along the shoreline. 
The middle estuary is delineated at its innermost extent by the dispersion of the 
river thalweg and current lineations (e.g., immediately south of Perkins Point), whereas 
the outer extent is generalized and not well defined. Salt marshes are absent from the 
middle estuary, with the exception of adjacent coves, and the extent of intertidal and 
subtidal flats is significantly reduced. While the middle estuary is not sediment choked, 
erosion resistant relict oyster reefs do affect the hydrodynamics of the system even as the 
estuary widens. Surface sediment is harder and coarser in the middle of the channel than 
the inner estuary, yet extensive regions of soft and fine sediment appears well before 
reaching the coves.  
Steep cliffs and rocky shorelines characterize the outer estuary, which is generally 
devoid of marshes and flats. The bedrock framework determines the breadth of the 
estuary and surface sediment is generally coarser than in the middle and inner estuary. 
Eroding bluffs are not present in the outer estuary and marshes or tidal flats are restricted 
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to coves. The seaward extent of the outer estuary is the Fort Island Narrows, where the 
salinity transitions to fully marine, though this boundary may vary seasonally and with 
storm events.  
Throughout the estuary, narrow bedrock constriction points, comprised of islands 
and ledges, punctuate the estuarine system. In addition to creating the overall elongate 
geometry of the system, the bedrock framework impacts the distribution of sediment 
within the estuary. Because constriction points create areas of increased current 
velocities, they are marked by coarse, gravelly sediment and/or exposed bedrock. Thus, 
even in the upper estuary, marshes and tidal flats are not associated with constriction 
points. In addition to affecting the distribution of sediment in the estuary, constriction 
points such as Glidden Ledge, which nearly bisects the estuary, also impact physical, 
chemical and biological processes in the system.  
 Together the generalized description of sediment distribution in the Damariscotta 
River and the idealized models of Maine estuaries (Belknap et al., 1986; Kelley, 1987; 
Shipp et al., 1987) capture the tripartite zonation of estuaries on the Maine coast and 
recognize the role bedrock plays systems such as the Damariscotta River.  Further 
analysis is required to determine how closely the generalized tripartite zonation described 
by Belknap et al. (1986), Kelley (1987) and Shipp et al. (1987) coincides with the 
estuarine zonation described here and evident in the Damariscotta, however there is some 
overlap in zone descriptions (i.e. the presence of marshes and tidal flats in the upper 
estuary).  For example, a more detailed study using a combination of sediment cores and 
sediment traps, to measure net sediment accumulation and gross sedimentation 
 
 
74 
respectively, would help constrain how tripartite sedimentation zones correspond the 
estuarine zonation seen in the Damariscotta River. 
 
Figure 5.7: A schematic rendering of the Damariscotta River estuary. 
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The role of bedrock constriction points in the Damariscotta River likely applies to 
other estuaries in Maine and the northeastern United States and Canadian Maritimes that 
occupy drowned river valleys. The Saco River estuary, located in the southwestern 
arcuate embayment compartment of the coast (Figure 1.1; Kelley, 1987) is also 
punctuated by a series of bedrock constriction points. In contrast to the Damariscotta 
River and many estuaries in the region, it has considerable freshwater input that is a 
source of sediment to Saco Bay and neighboring beach systems (Manthorp, 1995; 
Brothers et al., 2009; Kelley and Brothers, 2008).  
In contrast to bedrock constriction points in the Saco and Damariscotta Rivers, the 
bathymetry of the Sheepscot River that results from the bedrock framework of the estuary 
is deeper than that of neighboring Kennebec and Damariscotta Rivers. There are no major 
constriction points in the Sheepscot River until a reversing falls in the town of Sheepscot 
at the head of the estuary (Belknap et al., 1986). Because of its deep bathymetry, the 
Sheepscot River experiences significant intrusion of shelf water from the Gulf of Maine, 
making much of the lower estuary an extension of the ocean (Stickney, 1959). In contrast 
to the pronounced bedrock sills that prevent such intrusion in the Damariscotta estuary, 
the introduction of cool, low pH water from offshore into the Sheepscot estuary may 
make it particularly susceptible to effects of ocean acidification (Thornton and Mayer, 
2015).  
The role of bedrock constriction points in the Cobscook Bay estuary, an 
irregularly shaped estuary in the northeast, cliffed shoreline coastal compartment (Kelley, 
1987), was recognized and described by Kelley and Kelley (2004). Much like the basin 
and sill morphology that persists in the Damariscotta River, weaker rock formations in 
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the Cobscook Bay region were eroded away by glacial and other weathering processes, 
leaving behind erosion-resistant formations that comprise peninsulas and outcrops within 
the estuary (Kelley and Kelley, 2004). Because of the complex role of bedrock in rocky 
and formerly glaciated estuaries such as Cobscook Bay and the Damariscotta River, 
existing conceptual estuarine models are of limited use in describing the spatial 
distribution of sediments (Kelley and Kelley, 2004).  
While estuarine systems in Maine and the northeast vary considerably in many 
regards (i.e., volume of freshwater input, the degree of tidal dominance and the extent of 
bedrock influence), the bedrock framework is critical to distribution of sediment and 
hydrodynamics within these systems. The role of bedrock is also important in 
understanding the distribution and circulation contaminants and pollutants in these 
estuaries, particularly in the context of global climate change and as shoreline 
development and aquaculture expand along the coast of Maine in the 21st century.  
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CHAPTER 6 
CONCLUSION 
 The bedrock framework of the Damariscotta River valley is critical to the 
evolution and development of the modern estuary. Multibeam sonar surveys, grab 
samples and radionuclide analysis of sediment cores reinforce the significance of the 
basin and sill morphology described by Shipp (1989) and Belknap et al. (1994) and 
describe the impact of bedrock constriction points on the distribution of sediment within 
the estuarine system. Furthermore, analyses reveal three estuarine zones similar to those 
described by Belknap et al. (1986), Kelley (1987) and Shipp et al., (1987). Throughout 
the system, narrow bedrock constriction points punctuate estuarine zonation and interrupt 
the distribution of sediment by creating areas of increased current velocities that greatly 
impact the distribution of sediment within the estuary.   
The role of bedrock framework in modern estuarine hydrodynamics is not unique 
to the Damariscotta River and likely applies to many estuaries on the Maine coast and in 
the region, such as the Saco and Kennebec, Sheepscot Rivers, as well as Cobscook Bay 
and likely others. Not only does the bedrock framework have implications for sediment 
distribution, but also chemical and biological processes and the distribution of chemicals 
and pollutants within the estuary. In the context of global climate change, and with the 
continued shoreline development and expansion of aquaculture in the state of Maine, 
understanding the role that the bedrock framework of drowned river valleys impacts 
modern estuaries is critically important.    
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APPENDIX A: SECONDARY ANALYSIS OF CORE DR-PC-15-07 
 
 
Figure A.1. Secondary analysis of DR-PC-15-07. A secondary analysis of radionuclides 
210Pb and 137Cs activities included only samples at 4.5, 5.5, 6.5 and 7.5 cm depth in the 
core. Other data are from the initial analysis of Dr-PC-15-07. 
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APPENDIX B: SEDIMENT CORE PHOTOS AND LOGS 
 
Figure B.1. DR-PC-15-02 sediment core log from Long Cove. 
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Figure B.2: DR-PC-15-07 sediment core log from Upper Dodge Cove. 
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APPENDIX C: SEDIMENT GRAB SAMPLE SITES AND ANALYSIS 
Table C.1: Sediment grab sample sites. 
SAMPLE ID 
NORTH 
LATITUDE 
WEST 
LONGITUDE LOCATION DESCRIPTION 
DR-BS-15-01 43 54.231 69 33.998 Mouth of Long Cove 
DR-BS-15-02 43 54.095 69 34.223 Outer Mouth of Farmer's Cove 
DR-BS-15-03 43 54.054 69 34.169 Inner Mouth of Farmer's Cove 
DR-BS-15-04 43 54.017 69 34.143 Outer Farmer's Cove 
DR-BS-15-05 43 53.804 69 34.337 Outer Seal Cove 
DR-BS-15-06 43 54.145 69 34.427 Middle of River; NW of Seal Cove 
DR-BS-15-07 43 54.42 69 34.478 Middle of River; W of Long Cove shoal 
DR-BS-15-08 43 54.68 69 34.43 Middle of River, N of GB 8 
DR-BS-15-09 43 55.609 69 34.087 Outer Clark's Cove 
DR-BS-15-10 43 55.725 69 34.676 Immediately S of Maguire Point 
DR-BS-15-11 43 56.245 69 35.043 Immediately S of Lowe's Cove, E shore 
DR-BS-15-12 43 56.112 69 35.175 Due W of DMC Dock 
DR-BS-15-13 43 55.935 69 34.83 Mouth of Lowe's Cove 
DR-BS-15-14 43 58.831 69 33.838 Dodge Cove 
DR-BS-15-15 43 59.119 69 33.336 SE of Dodge Point 
DR-BS-15-16 43 59.734 69 32.852 Current Lineations, Upper Dodge Cove 
DR-BS-15-17 43 59.742 69 32.793 Current Lineations, Upper Dodge Cove 
DR-BS-15-18 43 59.742 69 32.82 Current Lineations, Upper Dodge Cove 
DR-BS-15-19 43 59.74 69 32.719 E of Current Lineations 
DR-BS-15-20 43 59.665 69 32.659 N of Prentiss Island 
DR-BS-15-21 43 59.973 69 32.493 Middle of River,  S of "15", Mook Aquaculture 
DR-BS-15-22 43 54.689 69 34.247 Due E of GB9, NW of Peters Is. 
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Table C.2: Grain Size Analysis Results. Backscatter intensity values are taken from 
MBES dataset. All other values were determined through grain size analysis in the 
laboratory. 
Sample ID 
Backscatter 
Intensity 
(%) 
Moisture 
Content 
% Water 
Dry Sediment Composition 
Gravel 
(g) 
Sand 
(g) 
Mud 
(g) % Silt % Clay 
DR-BS-15-01 29 59.81% 0.03 15.70 39.75 36.62% 35.04% 
DR-BS-15-02 81 26.76% 20.77 20.15 6.84 2.10% 12.23% 
DR-BS-15-03 54 55.05% 0.30 19.11 15.64 17.36% 27.25% 
DR-BS-15-04 37 69.99% 0.02 3.10 19.39 22.18% 63.98% 
DR-BS-15-05 37 67.94% 0.07 2.66 18.87 25.84% 61.52% 
DR-BS-15-06 57 27.10% 1.39 66.23 10.22 1.32% 11.81% 
DR-BS-15-07 81 33.68% 26.91 16.21 7.08 1.80% 12.30% 
DR-BS-15-08 42 64.05% 0.26 7.05 20.06 8.68% 64.61% 
DR-BS-15-09 39 53.36% 0.08 18.17 18.67 17.40% 33.18% 
DR-BS-15-10 85 14.04% 60.90 18.90 8.25 1.93% 7.44% 
DR-BS-15-11 68 29.80% 0.63 46.09 3.05 1.40% 4.72% 
DR-BS-15-12 53 41.01% 0.51 36.26 15.22 8.82% 20.45% 
DR-BS-15-13 45 61.32% 0.00 2.86 19.92 30.13% 57.29% 
DR-BS-15-14 31 64.96% 0.00 1.88 25.73 48.22% 44.96% 
DR-BS-15-15 73 35.05% 22.88 28.69 9.90 4.61% 11.50% 
DR-BS-15-16 39 60.69% 0.00 1.32 27.50 55.65% 39.76% 
DR-BS-15-17 37 44.93% 0.22 13.45 36.49 32.72% 40.04% 
DR-BS-15-18 32 59.24% 0.01 2.54 37.63 47.41% 46.24% 
DR-BS-15-19 68 39.51% 3.73 22.88 35.76 23.56% 33.78% 
DR-BS-15-20 81 38.26% 19.51 32.75 8.96 5.82% 8.81% 
DR-BS-15-21 32 61.56% 0.02 5.67 33.64 40.19% 45.33% 
DR-BS-15-22 67 31.91% 1.06 62.33 5.70 0.83% 7.42% 
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